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Over InterconLlnental dlstances the accuracy of Global 
i'ositloning System (GPS) tlme transfers ranges from 10 to 20 
11s. Tlie principal error sources are  the broadcast loiiosplicric 
indel, the broadcast ephemerides and the local antenna 
coordinates. 

I'rcvioirs work has already shown the iinpnct of tlie use 
of niensurcd loiiosplierlc delays as provided by dual frequency 
codeless ionospheric measurement systems. The role of prcclse 
CI'S satellite ephemerides. now available Front the US DePense 
hlapplng Agency (DhlA), has already been investigated. The 
itnprovernent brought by the corrections lo ?oca1 CPS receiver 
aiiteiiiia, rcsulting from the BlPhC diiTeerentla1 p0~1Lioriln~ 
method, has also been deinonstra:d for sliorc-distaiice time 
comparisons. 

At present, lorrosplieric mensurerneri t systoins oT the 
type designed by the Natlonal InsLilute of Staiid:irds and 
Technology (NIST) operate on  a reguSar basts at tlie MIST In 
Boulder (Colorado. USA) and at &lie Piiris Obs~rvaLoc-y (OP) 111 

Paris (France). and syseems of the t y p e  designed by the 
Communications Research Laboretor) (CRL) operate at tire 
CRL In Tokyo (Japan). Droadcast ephe:iierides dre currently 
recordid In hiojave (Califorrki, USA) and at  the DIPM (France). 
Tlie GPS antenna coordinates of OF, NIST and CRI. arr  nom 
irnilied in IERS Terrestrial Frame. in this paper. we :.ealize l i r  
tlie first time the closure around the worid ot)&aitied by the 
co~i~blnation of tinie LraiisTers 01'-NISI: NET-CRL and CItL-OF' 
after reductlon O F  the three nidor s r o r  sources. I t  gives the 
evidence of improvement In accuracy for GPS time transfer 
wi th using preclse eplienierides, measured lonospherlc rlelnys 
and accurate aiilenna coordinates. 

INTRflI)ULIIflN 

The exccllenre of worldwide time unification depmds 
en the quality of the clocks Kept by national timing centers 
and on the means of t h e  eonipariscns. 1i:rpId development of 
the Giobai Posiiioning System since ID83 has ied to ninjor 
improvements In the prccision and accuracy of time metrology. 
iJsing conrinercially available C I A  Code' GPS time reccivers. 
tiine conipsrisons can easily be perforrnrtl wi:h an acciiracy of 
10 to 20 nanoseconds over iiitercoirtineiitnl distances. iluwever. 
it should be possible to lniprove this performance by rernovnl 
of residual systematic errors [ I ] .  :n GPS time transfers. the 
three prinrlpal sources of cr:or are the local anrcnnn 

' coordliiates. the broadcast ionospheric model and the  
broadcast rplienieridcs. Previous work sliows the eIfect or 
correctiiig these errors individually [Zl 131 [I!. We prcsent 
here a five-month experiment in which three long-distance lime 
links are pcrrornied with simultaneous reduction of these error 
sources. The laboratories Involved are  the ?ark Observatory 
(Paris, France). tlie National Institute of Standards nix1 
Teclinology (Boul~fer. Colorado, USA) and the Coniniunicr,tln:ir 
Research Laboralory (Tokyo, Japan). Closure aroiind the work! 
is obtained by rowhination of these tinie linhs: since the 
clrrsure leads in principle to a zero sum, we ? ~ a v e  a clear t a t  of 
accuracy Tor overall CPS time trznsfer. 

1. TllE FXI'ERDIENT 

The three long-distance time transfers UTC(0P) - 
UTC(NIST). UTC(NIST) - UTC(Ci2L) arid UTC(CRL) - UTC(OP) 
were computed using the common-view nietliod 151, for a 
1G2-day period, from I990 June 16 (MJD 48058) to I990 
November 24 (MJD 48219). 

The CPS data taken at  tlie three sites correspond to the 
International Scliedule N"15. issued by l l ie  Uureau 
iiiternntional des Poids et Mesures. and impiemented on 1990 
June 12 @fJD 4805.1). This schedule includes Block I and Block 
II satellites. For one part of the period under study (ID90 June 
1G to 1900 August l o g .  the intentional degradation of GPS 
signals. known as Seiecilve Availability (SA), was turned on for 
DJrick I1 saieliites. It can be shown however that it aflected 
only the setcllite c!ocLs. producing a plinse jitter wliicli is 
completely removed by strict coiiinion S ~ W S  15;. 

111 o!ir experiment only comnion views with the same 
stnrtlng tiiiic and rlie same track lengtli are kept. Tinie 
comparison values UTC(Lnbi) - UTC(Lab2) are obtained for 
each observed saiellite 6t the Linie. T,,,id, of the tiridpoint of the 
track. 

At the time of the experiment some satellites were in 
their rr$iasing manoeuvre. In consequenee. their elevations 
were sometimes too !ow to be 2bserved from one of the sites 
although, in principle, they formed part of the International 
Schedule. 

The GPS receivers used at  OP and NIST come from the 
wine maker and use the same software to treat the short-term 
data. 'This eithances the symmetry of the experiment for the 
tiinc link OP-MIST. This Is  not the case for the NIST-CRL arid 
CRX-O? Ilnks. the GFS recetver in regular operation at  CRL 
coming from another maker. Detailed characteristics of the 
three kinic l i n k  are given in Table 1. 

OP-NET NIST-CRL CRL-OP 

Bwcline 7388km 8522 k Ill 8alGkm 
C?/day 9 7 8 
P c j  1% 62% 43% 

' CV/rrlay gives the rrumber of sckuukd common-view !rucks by 
d c y i o r  ea-h pair of Labi.n~lorios 

* p yiras tils j a ~ ~ . l i o ~  of schedilled tracks for :ha p w i d  of study 
(16.7 &%ys> which eor-respond lo purfzcl common tiiews mui 
ru.iich could simuiLnnaously be corrected for anlemia 
coordiimtes, measzrred imrospheria delay and precise 
eDhen-mri,*s. 

Uefcre nnsiysing !he resuits of t i i s  experiment, we 
review ,:\e methods for. reducing the three main sources o f  
errors: antenna coordi:? i tes.  broadcast ionospheric model and 
broadcxt  epliemer!des 171. 



1.1 ,iCCURi\TE ANTENNA COC)IIDIN,\TES 

Ac.curate anrenxa ::oordinates can be deternineti with 
uncertainties o i  a few centimeters using geodetic methods to 
obtain ill] t he  reiariJe position o i  t he  antenna with respect t o  
tlie nearest  IERS site. '-he BIPM has  also developed a method 
of differential r;<>sitlc7i:ig be:wcen GPS antennas using t h e  
da t a  of the time comparison!; themselves 121. The consistency 
of the coordinates cbtained by this method is within 50 cm for 
distances u p  to i000 km. Ey combining these techniques, ail 
national laboratories equipped with GPS receivers have, over 
the l s s t  frrv years. been linked to IERS sites [9]. On 1990 j u n e  
12 a t  3hOO UTC (MJD 480541, as suggested by the  BIPM, these 
corrected coordinates were introduced into t h e  GPS time 
receivers. ensuring worldwide homogeneity of t he  coordinates 
in the IERS Terrestrial Reference Frame (iTRF). 

Thus. at t he  beginning of our  experiment. the OP 
antenna coordinates were known with an uncertainty o f50  cm. 
They were obtained, by the BIPM differential positioning 
method. with respect :o t he  Grasse ITRF SLR si te  from d a t a  
covering the period 198'7 December 15 to 198s J u n e  2i  i Z j .  For 
the  NET, the CPS antenna has coordinates known with a n  
uncertainty of 30 cm. These were obtairied by GPS geodetic 
differential positioning with respect to the Platteville VLBI s i te  
on July 1989 (81. The CRL antenna coordinates a r e  known to  
within 10 cm. relative to the Kashirna VLBI site, by locsl 
survey on March 1939 [ io] .  

1.2 MEASURED iONOSPIlER!C DEIAY 

in  t he  usual GTS da ta  Xes. ihe c o r r e c t h i  useJ fur 
ionospheric refraction conies f i m i  a mode! [I:], tlie 
parameters of :vhich a re  included 111 h e  GPS message.. At radio 
frequencies, however, the ionosphere is a diiipersive medibm so 
i ts  effect on time comparison between :ocai and GPS satellite 
clocks can be estimated by dual-frequcnsy methods. Duai- 
frequency receivers, which i!o not depend on knowiedge of tiie 
P-Code, have recently been developed [ i21  (131. They give 
nicasurements of ionospheric de!ay along the line of sight of 
satellites with uncertain of 1 to 2 ns [141. The gain in 
precision ror long-distance time cnliiparisons has  dread!: been 
demonstrated when the two brdnches of th2 !ink n i e  corsecced 
with measured ionospiieric wliies [ 151. The gain in  accuracy 
was also confirmed by the study of the closure around tho 
world via NIST, OF and CRL rhrrrugh the ilse of such 
measurements 13). 

The OP and NlST are equipped wi th  siniilar dnal-  
frequency GPS receivers of ?!le N E T  type 113; (NET 
Ionospheric Measurement System). In their  present 
configuration, these r!evices gi.ie vslues of ionospheric delay for 
all satellites in view every 15 seconds. These d a t a  a re  stored 
after a linear fit over 15 minutes a t  a tliiie corresponding to 
round qaar ters  of hours: Oh00 UTC. Oh15 UTC, Oh30 IJTC. etc. 

The : X L  is equipped ;vit!i another typ? of dual- 
freqiiency W S  rec-iver designed by the  CRL l l Z J  (Realtime 
'TECmerer). This devtce has a single channel and is programmed 
to observ:- by priority the satellites suggested by the BWM 
Iiirernationa: Scliedu!e. It operates wit!; +minute sequcwces: 
about 1 minute to point i t3  direcrlonal antenna and abou: 3 
minutes to perform the observation. Values of t he  ionospheric 
delay are  take:i ?very 6 seconds for ii given schedulecl saceliite. 
The mean and the  standard deviation ol' these da t a  a r e  
provided :ur .ne ?&-point of the observation sequence. 

F ' r c n  the  ionospheric data  provided by one  or another 
device a re  made estimates of the  uaiue o i  t h e  measured 
ioncspheric delsy for t he  mid-point lJ,,id) of a given 13-minute 
track o f  satellite s. To do this, we use severai ineasxemenr6 
fcr the saine sarel!ite s, surroundiag T . . A polynomia! fit is 
ther. performed (linear to cnbic riepenzmg on the  number of 
values iised). The estimared value ;t T ,id is a e d u e d  by 
interpolation and is used to cor:ect UTC(L,a%) - CPS lime. This 
pol!ynomia! !it is never extrapoiated and messurenients from 
other s n t 4 i w s  2-e never used. 

id 

1.3 PRECiSE EI'IIE\iEIIIDFS 

The GPS precis? ephenierides were computed at the U.9. 
Naval Surface Warfare Center (NSWC) from the begiiining of 
1986 to 1989 July 29. Since then They have been produced by 
t he  Gefense Mapping Agency (DMA). Tiiese ephemerides a r e  
received on a regular basis at  the BIPM. Their estimated 
accuracy is of order  3 meters. A t  present. ;tie delay of access 
to precise ephemerides is about  two months, so the period we  
s tudy here is limited to mid-November 1990. 

In practice, computations with precise ephemerides 
require knowledge of t he  broadcast  ephemerides used, during 
the  observation, by the receiver software in order to appiy 
differential corrections 141. To perform tlie closure around t h e  
world it is necessary to have access to recorded broadcast  
ephemerides on at least two sites correctly si tuated in t h e  
world. The BIFM star ted the  regular collection of GPS 
broadcast  ephemerides in May 1990. For this experiment, these 
d a t s  were used :ogerl?er witti broadcast ephemerides recorded 
in Mojave (Caiifornia, USA) by the L!.S, National Geodetic 
Survey (NGS). 

".. I ne precise ephemerides. PEP a re  provided in Cartesian 

coordinates (expt.essed in WGS 84 reference frame) a t  t ime T. 
corresponding to rouild quarters  of tiours: OIIOO UTC, O I ~ I ~  
W C ,  OhX UTC etc. 11 is then necessary to compute, from t h e  
broadcast Keplerian elements of satellite s, its positions BE,, 
BE, and BEs for three times T,. T, and T,, such that:  

where TSLar ami Tllto!, a r e  the start ing time and the stopDing 
time of ti;? usual 13-minute cracking. The ephemeride 
corrections PE; - FIE. for i = 1,2,3, a re  t r a n s l o t "  in a frame 
iinked to the .satel i te  (On-track. Radial. Cross-track) and a 
quadratic ?olynomial in tinie is computed to represent Zach 
component. A quadratic representation is also computed in t h e  

:or the vector satellite-scatioli. The inner product 
adrntlc r ep resen la t iox  provides :he corrections to  

GPS mmsurements  each 15 secouds. A linear fit over 13 
minut- es:? short-term cox-ctions gives the correction a t  
rhe  mi le Tlnid of Il:e track. 

1.4 ~ O h l l ~ i N ~ E J G  TilE DATA 

Cata files of niansured values UTC(Lab) - GPS time and  
of ~ o ~ : o ? ; ~ ' I ~ F ~ c  measurements for :he three 1abo;atories 
involve.?, as wel! as data files o!' precise ephemerides produced 
by the 3!4A nnti hroadcss: epiierneridas from Mojave and Paris, 

a t  lhe DiPM Fcr precessing. Only the t racks 
to  perfect ionmion views. which could be 
corrected for  ionosphzric model and precise 

rphenierides (see last line o< Tnbie ;), were retained. The 
results given in Sect. 2 invilve only the values UTC(Lab1) - 
UTC(Lab2) corresponiing LO i!iese particular trackings. 
whether ?he trazks include the  corrections or not. 

2. RmUt;fS 

The gain in precision from t!ie simultaneous use oi 
ccrr.octe3 antenna g!ooidinates. iorirsphrric nieasurelnents and 
piecke ephelnerides has already beer1 demonstrated for an 
c h e r v a t l s n  period o f  67 day: fo r  the  time link UTC(0P) 
UTC(NIST! ;7]. We greserii here simiiar resuits for a longer 
period and ror three time lin!;s. We then analyse the resuit: 
concerning tiie closur? around h e  worid. 

2.1. PiWCISiOh' OF TD.IE CO:rlPi\RISObIS 

The Zorrections to thi- a n t e n n a  coordinates bein@ 
already Iiit:oduccd, fmr Jiffei.eiit cases niay be distinguished 
for each psir  oi lalorzicries: 

* no::-scrrecid valiiej: 
* values correc:ecl lor epherrerides Oilly 
I .. val:aes correc:ed fear ionosphere oniy 
* vaiues corrected for both ephemerides ana 

ionosphere. 

-or each case, a Vondrak smoothing [ 1.61 is perforinel 
d u e s  U'TC(Lab1) - UTC(Lab2). The s tandard deviation: 

of the residunls to t!ie smoothings fQr the complete perioc 
uiidei, s ! u ~ y  a r e  gl:,er! in Tabre ?. Tile sniootning ilsed acts  as I 

low-p,?ss fiiter w;:h :: cut-off period of about 3 days. 
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Application cf inctividud coxeciions decre 
s tandard deviaiion. fur  each link, with a c1-w 
when both corrections are applied Fimu;tnceousl 
improvement is linked to tlie length of rh 
For such long baselines .common-vie%~ 3bs 
a t  IGW elevations afid 
effects and to sateliite p 

. L 1  
" 

' I  ! 

i 
! 

2 

r a c m p i e  o i  :he inil>rovement in precision is 
asid concerfis the time link OP-NIST in July- 

ils co smooched values of UTC(0P) - 
:or oni) one daily common view 
12. With non-correctzd data ,  satellite 

i-esidua!s fcr soiiie days in August. This 
~ ' w s  ajnly x h e n  coi-rections for precise 

ariii :vzs thus liiiked to very poor 
. Ir. gmerai. rhe use of precise 
moorh if153 ~izily residuals for each 

nospheric measurements 
sareilites 171. These two 
certainty of the  time 

"lie residuals to the srncothec 1 

UTC(CRL) for 2x11  
experiment ai-€ presen 
figures shows the 
determination of UT :!sLImz.te the "Ann drviacion on  a shorter 
sources a r e  corrected sitnullanecusly. The daily *; intswai  since the sc!ieduled common v i e w  
deviarions of the rzsidun!s drop to la!  
3). 
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FIG"- 5: GPS time t r a n s f e r  UTCtCRLJ - UTC[OPJ: A l l a n  
d e v i a t i o n  o f  t h e  non-correc ted  v a l u e s .  
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FIGURE 6 :  G?S t i m e  t r a n s f e r  UTC(CRLJ - OTC(0PJ: Allan 
d e v i a t i o n  of the c o r r e c t e d  values for p r e c i s e  ephemer ides  
and i o n o s p h e r e .  

Raw d a t a  are  affected by white phase noise whose origin is the 
time difference measurements. I t  is smoothed out  by averaging 
over 5 to 6 days. When corrections for precise ephemerides and 
measured ionospheric delays a re  applied, the measurement 
noise is already smoothed out  when averaging over one day. 
The real performance of t he  local clocks, white frequency 
modulation for that  averaging time, is then accessible to 
examination. 

2.2. ACCV~UACY TEX': CLOSURE AROUND THE WORLD 

4 test of accuracy for GPS time transfer can be 
performed by computing the  closure around the world via OF, 
NIST and CRL. Daily values of UTC(0P) - UTC(NIST), 
UTC(NIST) - UTC(CRL) and UTC(CRL) - UTC(0P) were 
estimated from the smoothed data  points (the Vondrak 
smoothing was performed with the same smoothing degree for 
each time link). The resulting daily values of the deviation from 
closure, for the whole period under study, a r e  shown in Fig. 7 
without correction and in Fig. 8 with corrections applied. Fig 8 
provides evidence of a gain in accuracy when ail three long- 
distance time links a re  computed using the corrections for 
precise satellite ephemerides and measured ionospheric delays. 
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FIGURE 7 :  D e v i a t i o n  f rom ClOSUTe around ti)* wor ld  v i a  OP, 
NIST and CRL w i t h  "on-corrected GPS d a t a .  
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Flcvm 8 :  D e v i a t i o n  from closure around the  wor ld  v i a  o P ,  
NIST and CRL w i t h  GPS d a t a  c o r r e c t e d  f o r  p r e c i s e  
ephemer ides  and measured i o n o s p h e r i c  d e l a y .  

To analyze t h e  closure results in detail, Allan deviations were 
computed with and without corrections and plotted in Figs. 9 
and 10. The figures exhibit common behaviour for t he  Allan 
deviation as 8 function of t he  inverse of the averaging time. 
The noise is lower when Corrections a re  applied. It should be 
noted tha t  t he  bending for 'I < 2 days is due to the  smoothing 
tha t  was applied on  individual time links and has no physical 
interpretation. 
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I 

0 '  - 
10-1 1 00 10' I ri2 

T i n  d a y s  
F I O U ~  9: square r o o t  o f  t h e  A l l a n  variance of t h e  
d e v i a t i o n s  from closure ob ta ined  w i t h  non-correc ted  d a t a  



N - For 20-day averaging period the results are  as follows 
C (Table 3): - 

t 
Table 3: Mean ualues of the &viation front closure around thc? 
world estimated by tRe qwmlity [U?C(OP) - urC(NlSr)] + 
[ W C ( N I S )  - U7C(CRL)I + [UiT(Gi?L) - W C ( O P ) ]  and 
standard &uialio7u. 

Mean deviation Standard deviation Averaging 
period from the closure (ns) 
(MJD) (ns) 

- 
1 

- .  

slope = -1 

* 
, .  

b 

- 0 :  
b - -  
x .  

0 -  
n \ :  \ 

' ' ' ' b  \ O t  

v -  

€ 5  
0 :  - .  

oE - .  

, slope = -312 

.r - , .  
\ 

\ 
\ - 0 :  

b 7 - 1  
v 

'b" 

1; 

48059-48078 
4807948098 
48099-48118 
481 1948138 
48 139-48158 
48 15948178 
48179-48198 
48199-482 18 

can b e  fully compared for averaging times of the order of one 
day. This performance matches with tha t  observed for short-  
distance time comparisons 1 I]. 

The computation of the closure around the world via 
OP, N!ST and CRL shows that  corrections for precise satellite 

the accuracy of GPS time transfers. A slowly varying bias, of 
the order  of a few nanoseconds, remains and is the subject of 
fur ther  investigations. 

ephemerides and measured ionospheric delays greatly improve 

The GPS has proved to be an  efficient tool for long- 
dist:ince time comparison a t  t he  nanosecond-level both in 
precision and accuracy. At present, GPS is better t han  any 
existing system o r  method; yet this performance is still open to  
improvement with bet ter  conditions of operation: improved 
precise ephemerides, irnproved precise antenna coordinates, 
improved measurements of ionosphere. calibration of GPS 
receivers. unification of receiver software, control of multipath 

7,9 
8,1 
3.6 
2.1 
4.1 
4,O 
3.9 
4.1 

Table 3 shows a residual systematic effect of a few 
nanoseconds. Such a bias may be attr ibuted to residual errors 
in an tenna  coordinates. The geographical positions of t h e  
involved sites necessitate t ha t  t he  useful common views a r e  
observed from one  site for privileged directions. This keeps the  
coordinate errors from averaging and could produce a 
systematic bias. 

Another point of interest  is that  t h e  mean value of the  
closure depends on the  period over which i t  is estimated. This 
may arise from the use of precise ephemerides which a r e  not 
computed in a reference frame consistent with the  IERS 
Teriestrial  Reference Frame. This would introduce rotations of 
the  reference frame of t he  precise ephemerides which would 
induce slowly varying shifts in the closure values. It might be 
possible to  correct t he  precise ephemerides for this effect; 
fur ther  investigation of this topic is in progress at the BIPM. 

Finally, one other  phenomenon tha t  could contribute to  
the bias in the  closure is a systematic error  d u e  to  the  
ionospheric measurements [ 141. This probably depends on  
ionospheric conditions, in particular on whether observations 
are  taken by day o r  by nig!it. This would affect values of t he  
deviation from closure obtained through time links having 
baselines long enough that  one of  the  lines of sight corresponds 
to day-time while t he  other one corresponds to night-time. 
Silch a bias will slowly evolve as the da t e s  of observation 
change due  to the sidereal orbits of satellites. 
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